Introduction
Hemodynamic monitoring is the cornerstone of critical care, especially when the patient is hemodynamically unstable. It needs to be used with the perspective of tailoring treatment to physiology and the underlying disease process [1] . Monitoring should be easy to apply and negative side eff ects should be limited. Th e results should be reliable and reproducible, not least because we also need to monitor response to therapy when cardiovascular insuffi ciency has been identifi ed. One of the primary goals of hemodynamic monitoring is to alert the physician to impending cardiovascular crisis before organ or tissue injury ensues.
In general, the adequacy of circulatory stability is judged by clinical assessment of parameters that we can measure, e.g., blood pressure, urine output, heart rate and serum lactate concentration. However, these are indirect clinical markers of systemic blood fl ow and, as such, they are unreliable estimates of overall hemo dynamic status during critical illness, irrespective of the experience of the assessing clinician [2, 3] . Th e logic is obvious when one considers that since blood pressure is a regulated variable, a normal blood pressure does not necessarily refl ect hemodynamic stability or perturbation [4] .
Early recognition of hemodynamic instability in combination with an understanding of the often complex underlying pathophysiology is therefore essential. Th e clinical art is, fi rst, to monitor the right parameters and, secondly, apply the right target values, which can vary according to age or underlying pathology. In critical illness, these are not necessarily the same as normal values in health [5] . Pediatric intensivists and anes thesiologists should be familiar with age-appropriate normal values and the physiological diff erences between adults and children.
Cardiovascular physiology of the pediatric patient
Diff erences in growth and development, as well as the pathophysiological response to illness, mean that children cannot be regarded as small adults and data obtained from adults cannot be easily extrapolated to children. Diff erent body proportions, a higher metabolic rate, and lack of compensatory reserve for respiratory or circu latory threats are examples of factors that should infl uence one's approach to critically ill children. Normal age appropriate values are shown in Table 1 .
Th e cardiovascular system changes markedly at birth due to dramatic alterations in blood fl ow patterns. Under normal circumstances, the fetal circulation, with its reduced perfusion of the lungs and intra-and extracardiac shunts between the pulmonary and systemic circulations, transitions rapidly to an adult circulation. Th e precipitous fall in pulmonary vascular resistance and corresponding increase in pulmonary blood fl ow leads to increased left atrial fi lling and closing of the intra-atrial connection (foramen ovale). Left ventricular preload rises and the cardiac output increases to meet metabolic demands [6] . In the fetus and newborn, the left ventricle is fl attened and the right ventricle is dominant. Newborn babies have less compliant ventricles and therefore have compromised diastolic function. Th ey have a reduced response to inotropes, volume loading, and increased sensitivity to afterload. Th e immature heart has reduced contractile reserve and a depressed contractile response to exogenous administration of catecholamines.
With the separation of the systemic circulation from the low pressure placental circuit, systemic vascular resistance (SVR) and left ventricular afterload rise steeply After the transition from fetal to neonatal circulation, the SVR starts to decrease and stroke volumes and cardiac output increase [7] . Stroke volume index (SVI) and cardiac index (CI) continue to increase until the age of 5 years. SVI is stable and CI decreases slightly beyond the age of 5 years. Th e SVR decreases in the fi rst decade, with the initial major increase followed by a progressive decrease, occurring in the fi rst 48 hours after birth [7] . In infancy and childhood the myocardium adapts progressively to its new loading conditions and develops increased reserve to β adrenergic stimulation. Th e compensatory mechanisms in hemodynamic disease appear to diff er in children compared with adults. Adults with septic shock have decreased ejection fraction and increased cardiac output through ventricular dilatation and increased heart rate [8] . Children with septic shock do not have ventricular dilatation [9] . Th erefore, the most important way to increase cardiac output in young children is to increase heart rate. However, there is a problem here. An adult can increase resting heart rate from 60 to 100 beats per minute, but a proportionate increase in an infant from 140 to 220 beats per minute is not sustainable. In adults with septic shock, the hyperdynamic state ('warm shock') is the hallmark of cardiovascular pathophysiology. In children, the response is more heterogeneous [10] . Only a small percentage of children who present with septic shock exhibit a hyperdynamic state, with diminished SVR that responds to vasopressor support without a decrease in CI [10] . Th e main presentation in pediatric septic shock is a hypodynamic state ('cold shock') with low cardiac output and a high SVR [11, 12] .
Studies in humans with septic shock suggest that low cardiac output and/or low SVR is detrimental to organ perfusion and survival. Children with septic shock, who maintain a CI between 3.3 and 6.0 l/min/m 2 seem to have a higher survival rate compared to those who have CI outside this range [12] .
Hemodynamic monitoring of the pediatric patient
An important goal of hemodynamic monitoring is to be able to detect inadequate tissue perfusion and oxyge nation at an early stage, long before it becomes detrimental. As a consequence, the monitor should prompt and guide resuscitation. Th ree key components in the physiology of oxygen delivery can be identifi ed: 1. Uptake of oxygen in the lung; 2. Transport and delivery of oxygen from the lung to the tissues; and 3. Oxygen uptake and utilization by the tissues.
At present, available devices for bedside monitoring give limited information about these processes. Oxygen saturation (SO 2 ), measured by continuous pulse oximetry (SpO 2 ) and arterial blood gas analysis provides information about the oxygen content of the blood (SaO 2 ), providing we also know the hemoglobin concentration. Th is covers oxygen uptake. Oxygen delivery (DO 2 ) and utilization are more diffi cult to assess. DO 2 is the product of oxygen content and cardiac output. However, at regional level, vascular resistance is a major factor. Th ere is evidence that low cardiac output is associated with an increased morbidity and mortality [10] . Assessment of cardiac output by means of clinical estimation is inaccurate [3] , and invasive measurements are little used in children [14, 15] . As an alternative to invasive measurement of cardiac output, central (ScvO 2 ) or mixed (SvO 2 ) venous oxygen saturation has been used as a surrogate for the adequacy of cardiac output in adults. In children with complex congenital heart disease or intra-and/or extracardiac shunts, SvO 2 is not a useful measure. Central venous or mixed venous oxygen saturation is also invasive and carries risks in small children. Volumetric indices of cardiac function (e.g., M-Mode, femoral artery thermodilution catheter) are used extensively in adult intensive care unit (ICU) in order to derive DO 2 . However, in the pediatric ICU, intra-and extracardiac shunts may change their validity and relevance. And again, the risks accompanying the insertion of the catheters (e.g., arterial thrombosis) outweigh the potential benefi ts. Echocardiographic evaluation of cardiac output is not consistently reliable because even in the hands of experienced operators the variation in measurements between and within individuals is large [16] . Taken together, evaluation of cardiac output is much less straightforward in children than it is in adults. In order to assess tissue perfusion, various measures are followed, including capillary refi ll time, temperature, and serum lactate concentration. In circulatory failure there is a hierarchy in regional blood fl ow with diversion away from skin and muscles towards vital organs such as heart, brain, and kidneys. Th us, monitoring skin perfusion could be an early marker of increased sympathetic activity and hypoperfusion. Capillary refi ll time is a useful clinical parameter during the acute assess ment and resuscitation of dehydrated children [17, 18] . It is non-invasive, easy to use, and cheap. Its use in the pediatric ICU, however, might be of limited value. Th e correlation with global hemodynamics is poor [19] . Only a weak correlation exists between severely prolonged capillary refi ll time and SVI and serum lactate concentration [19] . Also, confounding factors such as fever and use of vasoactive medications should be considered. Nonetheless, a dramatic change in this parameter should alert the clinician to the need for a more detailed hemodynamic assessment of the patient.
Lactate metabolism and the prognostic value of high serum lactate concentration in the ICU patient are well documented [20] [21] [22] . However, the relationship between lactate and tissue perfusion is not always well defi ned [23] [24] [25] , possibly due to the fact that measured lactate is not only the result of the balance between anaerobic production and clearance, but that it may also arise from other sources than hypoxic tissues [26] . Overall these macrocirculatory parameters are currently considered as insensitive markers of tissue perfusion [27] . Ideal hemodynamic monitoring should provide information about whether cells are receiving suffi cient oxygen to sustain cellular mitochondrial respiration to produce ATP. Two key elements are the DO 2 and the removal of waste products, like carbon dioxide (CO 2 ). Important factors that determine DO 2 are cardiac output, blood hemoglobin concentration, SO 2 of the hemoglobin molecule, and convection and diff usion of oxygen from arterioles to cells. In critical illness, DO 2 is often deranged, and many of the common therapeutic interventions in the pediatric ICU (e.g., fl uid administration, blood transfusion, inotropes, mechanical ventilation) are, ultimately, used to improve DO 2 . At present, no real-time monitoring tool for use at the bedside is available for tracking DO 2 .
The microcirculation as an essential hemodynamic compartment
Circulatory shock is defi ned as failure of the cardiovascular system to maintain eff ective tissue perfusion, causing cellular dysfunction and subsequent acute organ system failure if not restored promptly. Although it is the macrocirculation that distributes blood fl ow throughout the body, it is the microcirculation that is the critical component of the cardiovascular system ensuring regional blood fl ow to individual tissues. An optimal macrocirculation, however, is the obvious prerequisite for adequate microcirculatory perfusion. Nevertheless, restoration of global hemodynamics does not always mean that adequate regional tissue perfusion is achieved, especially in conditions of impaired auto regulation, such as occurs during critical illness. Previous studies in adult septic shock patients have shown that indices of microcirculatory blood fl ow can serve as early indicators of tissue hypoperfusion and therefore provide timely information about the potential onset of multiorgan failure [28] [29] [30] . In health, micro vascular perfusion is controlled locally so that tissue blood fl ow and substrate delivery are maintained despite changes in arterial pressure [31] . Th e lower limit of such fl ow-autoregulation -from fi rst principles based on mean arterial pressure (MAP) and other factors in Poiseuille's equation -varies between organs, patients, disease state, metabolic activity, and associated vaso active therapies. Th us, there is no absolute threshold blood pressure that defi nes adequate organ perfusion among organs, between patients, or in the same patient over time [32] . However, because arterial pressure is a primary determinant of organ blood fl ow, hypotension is always pathological. Measuring the adequacy of microcirculatory blood fl ow as a direct indicator of the success of the cardiovascular system to provide adequate oxygen and nutrients to the cells, can be regarded as an important extension of the measurement of systemic hemo dynamic variables [33] . However several issues need to be addressed. Th ese are: 1. the reliability and reproducibility of the measurement; 2. the identifi cation of the most relevant microcirculatory parameters which need to be determined; and 3. the prognostic value of these parameters in guiding therapy.
Bedside measurement of the pediatric microcirculation
Th e microcirculation plays a crucial role in the interaction between blood and tissue, both in physiological and pathophysiological states. Analysis of alterations in microvascular blood fl ow therefore provides a unique perspective of disease processes at a microscopic level [34] . Orthogonal polarization spectral (OPS) imaging is the fi rst hand-held imaging device that allows bedside visualization of the microcirculation. OPS imaging is based on the optical technique introduced by Slaaf et al. [35] , in which green polarized light is used to illuminate the tissue area of interest, which at the bedside is usually the buccal or sublingual mucosa. Th e green light is absorbed by hemoglobin within the red blood cells (RBCs) in the microcirculation. Th e refl ected light is detected by an orthogonally placed analyzer which fi lters out surface refl ections in order to produce a highcontrast refl ected light image of fl owing RBCs within the microcirculation [36] . Sidestream darkfi eld (SDF) imag ing is the improved successor to OPS imaging [37] and is based on the dark fi eld illumination technique introduced by Sherman et al. [38] . In this technique, the micro circulation can be observed without the need to use trans illumination. Instead SDF imaging uses a stroboscopic lightemitting diode ring-based imaging device so it provides better image quality of the microcirculation [39] . OPS and SDF imaging have been validated in several studies [37, [40] [41] [42] [43] [44] . Quantifi cation of images is now standardized [45] , reproducible, and validated [46] . Th e parameters that are used to quantify the images include: Th e microvascular fl ow index (MFI), a measure of convective fl ow; the functional capillary density (FCD) or vessel density index (VDI), for diff usion distance; and the heterogeneity index (HI). In the MFI score [46] , four diff erent types of fl ow are recognized and assigned an integer score from 0 to 3: No fl ow, score 0; intermittent fl ow, score 1; sluggish fl ow, score 2; and continuous fl ow, score 3. In order to quantify the microcirculatory fl ow, each video image is divided into four equal quadrants and the MFI for the whole image is taken as the average score of all quadrants for the diff erent types of vessels, small (< 25 μm), medium (26-50 μm) and large (51-100 μm). For the FCD calculation [36] , the assessor needs to trace the path of the moving RBCs within the capillaries (i.e., vessels < 10 μm) using a software program (Capiscope version 3.7.1.0, KK Technology 1993 -2000 . A functional capillary is defi ned as a capillary that has at least one RBC moving through it during the observation period. Dividing the length of the perfused capillaries by the area gives the density. In order to calculate the VDI the assessor draws a grid on the computer screen fi eldof-view composed of three equidistant horizontal and three equidistant vertical lines. Vessel density is calculated as the number of vessels crossing the lines divided by the total length of the lines. Assessment of the HI [30] involves evaluating three to fi ve mucosal sites and measuring the MFI in each quadrant, taking the diff erence between highest MFI minus the lowest site MFI, and then dividing the number by the mean fl ow velocity.
Calculation and measurement of the above parameters has been discussed and agreed upon in a recent consensus conference [45] . It must be noted, however, that analysis and quantifi cation of moving images is cumbersome and time consuming. Although software products do ease and optimize the task [47] , no real-time values can be obtained yet. In addition to other technical diffi culties (e.g., blurring of the images due to oropharyngeal secretions and artifacts due to movement or pressure) we consider that these microcirculatory imaging techniques, in their present form, are unsuitable for routine clinical use. Nonetheless, the introduction of OPS and SDF imaging to clinical medicine has opened a new fi eld of monitoring during various disease states [48] . Th e technique is feasible for use in young children [49] , providing they have received adequate sedation.
To date, there have been eight studies published on the use of OPS/SDF in children (Table 2) . A few studies in newborns and infants have used videophotometric micro s copy or laser Doppler to evaluate RBC velocity in the nailfold capillaries of the thumb [50] [51] [52] . OPS imaging of the skin has been used in premature and term infants [53] [54] [55] [56] . Th ese observations show that the microcirculation in premature infants can be quantifi ed and RBC velocity can be measured. In older children, the most frequently used site for assessment is the buccal mucosa.
The microcirculation in development
Developmental changes in the structure of the microcirculation occur in the fi rst few weeks of life in healthy neonates and children [49, 55] . Th e FCD in the skin of premature infants decreases signifi cantly over the fi rst month of life, which correlates with decreases in hemoglobin concentration and environmental incubator tempera ture [55] . Th e FCD of the buccal mucosa also decreases after the fi rst week of neonatal life. It would seem that developmental changes of the microcirculation in early postnatal life are related to adaptation after birth rather than post-conceptional age. It is believed that an adult pattern of microvasculature in the skin is reached by the age of 3 months [61] . An important factor in this development is local cooling. Th erefore, it is unclear whether the same would apply for other microvascular beds not directly exposed to environmental temperatures. In the fi rst week of life, compared with birth, there is also the additional 2-to 3-fold increase in oxygen consumption because of increased work of breathing, and increased gastrointestinal function with feeding. Furthermore, high levels of fetal hemoglobin at this time of life reduce the level of oxygen extraction [62] . Th ese factors, taken together, can be compensated by higher systemic and microcirculatory blood fl ow. Th e higher FCD in the fi rst week of postnatal life may be related to higher Top et al. Critical Care 2011, 15: 213 http://ccforum.com/content/15/2/213 cardiac output in the fi rst week [62] and autoreglulation of regional blood fl ow may have an important role [31] .
Microcirculation in disease and the eff ects of treatment
Microcirculatory alterations are now considered to be a key hemodynamic property of septic adult patients due to several landmark investigations using OPS and SDF imaging [27, 28, 32, 64] . Top and co-workers reported that such alterations also occur in the buccal mucosa of septic children [59] . In premature neonates with sepsis, microcirculatory alterations were observed in the skin using OPS imaging [58] . Furthermore, neonates with severe respiratory failure have depressed microcirculatory parameters [57] . In premature neonates with patent ductus arteriosus (PDA) the FCD of the skin is reduced compared with patients without PDA [56] . Th e mechanism behind this change is unclear. Th ese patients had left-to-right shunting through the PDA, resulting in reduction of cardiac output (due to blood fl ow `leaking' away to the pulmonary circulation). Th e diff erence disappeared after closure of the PDA [56] . Micro circulatory alterations can be eff ectively treated in pediatric patients. Genzel-Boroviczeny et al. observed a direct eff ect of RBC transfusion on the microcirculation in premature infants by its ability to increase FCD [54] . Inhaled NO (iNO) improves outcome in infants diagnosed with persistant pulmonary hypertension of the newborn by improving pulmonary blood fl ow and oxygenation. It reduces pulmonary vascular resistance, without fall in systemic blood pressure. Top et al. [60] showed that iNO improves the microcirculation of the buccal mucosa in children with hypoxemic respiratory failure.
Extracorporeal membrane oxygenation (ECMO) can be considered as a therapy of choice for patients with severe respiratory and circulatory compromise, when conservative treatment fails. Top et al. investigated the microcirculatory response of critically ill pediatric patients to ECMO. Th ey demonstrated that respiratory distress was associated with severe microcirculatory alterations and that after treatment with ECMO, at a time when the patient no longer needed ECMO, the microcirculatory parameters were improved [58] .
Prognostic value of the microcirculation
OPS and SDF have been applied in adults in various clinical settings and have been shown to be associated with the severity of disease and outcome [27, 48, [63] [64] [65] , In adult patients with septic shock, microcirculatory parameters that did not resolve after 24 hours of admission, were shown to be associated with poor outcome [27] . Th e presence of abnormal microcirculatory values has been shown to be correlated with other measures of patient severity of illness during sepsis, such as sequential organ failure assessment (SOFA) scores [63] . Patients who develop nosocomial infection after major abdominal surgery have been shown to exhibit impairment of sublingual microcirculatory parameters [65] . De Backer et al. also found that the degree of microvascular derangement in adults with cardiogenic shock was refl ected in their survival [64] .
In regards to children, Top et al. found that persistent alterations of the microcirculation were associated with poor outcome in children with septic shock [59] . Lack of restoration of the altered microcirculation proved to have a stronger predictive value for mortality than severity of illness score using the pediatric risk of mortality (PRISM) model (Fig. 1) . In premature neonates, reduction of FCD of the skin can be the fi rst sign of infection. For example, Weidlich et al. observed microcirculatory alterations in premature infants with infection [58] . Th e authors suggested that these alterations might be predictive of infection, even before clinical suspicion arises.
Conclusion
Direct observation of the microcirculation is, potentially, a valuable addition to the hemodynamic monitoring of the critically ill pediatric patient, where other monitoring modalities are limited. If the current practical limitations for routine use of OPS and SDF imaging can be overcome, such monitoring modalities may improve outcome by directing clinicians to administer resusci tative therapies in a more timely and eff ective manner. 
